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ABSTRACT

We present numerical simulations of internal gravity waves (IGW) in a star with a convective core and extended
radiative envelope. We report on amplitudes, spectra, dissipation, and consequent angular momentum transport by
such waves. We find that these waves are generated efficiently and transport angular momentum on short timescales
over large distances. We show that, as in Earth’s atmosphere, IGW drive equatorial flows which change magnitude
and direction on short timescales. These results have profound consequences for the observational inferences of
massive stars, as well as their long term angular momentum evolution. We suggest IGW angular momentum
transport may explain many observational mysteries, such as: the misalignment of hot Jupiters around hot stars, the
Be class of stars, Ni enrichment anomalies in massive stars, and the non-synchronous orbits of interacting binaries.
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1. INTRODUCTION

Internal gravity waves (IGW) are waves which propagate
in stably stratified regions for which the restoring force is
gravity. These waves are generated by any disturbance in the
stratified medium. For example, in Earth’s atmosphere, IGW
are generated by wind flow over mountain ranges or convective
clouds. In Earth’s atmosphere, these waves are known to drive
large scale winds such as the quasi-biennial oscillation (QBO)
of the Earth’s equatorial stratosphere (Baldwin et al. 2001) and
the mesospheric QBO (Baldwin et al. 2001). In our oceans,
waves generated by tidal forces break, leading to turbulent
mixing (Munk & Wunsch 1998). In stars, these waves are likely
to be generated at the convective–radiative boundary by both
shear stress at the interface (Kumar et al. 1999) and convective
overshoot in the form of plumes (Townsend 1966; Montalbán &
Schatzman 2000; Rogers & MacGregor 2011). Therefore, these
waves surely exist in most, if not all, stars and their dynamical
relevance will depend on the configuration of convective and
radiative layers, and therefore, stellar type.

Because of their ability to mix species and transport angular
momentum, IGW have received much attention in stellar astro-
physics, having been proposed to solve a host of long-standing
problems. Press (1981) suggested IGW could affect radiative
opacity and hence, the neutrino signature and thus solve the so-
lar neutrino problem. Garcia-Lopez & Spruit (1991) suggested
IGW could provide the extra mixing necessary to explain Li
depletion in F stars. Schatzman (1993), Montalban (1994), and
Talon & Charbonnel (2005) proposed IGW could cause the Li
depletion in the Sun. Goldreich & Nicholson (1989b) suggested
IGW could explain the efficient tidal synchronization and cir-
cularization of binary stars, and a series of papers (Schatzman
1993; Zahn et al. 1997; Kumar & Quataert 1997; Talon et al.
2002) have suggested that IGW could be responsible for the
uniform rotation of the solar radiative interior. More recently,
Quataert & Shiode (2013) have suggested IGW could cause the
enhanced mass loss rates needed to explain some core-collapse
supernovae.

All of the above theories depend on the spectrum and ampli-
tudes of the IGW driven by convection, which is unconstrained
observationally in stars. Most of the models develop analytic the-
ories for these quantities. In those models, IGW are assumed to
be generated either by turbulent stresses or eddies, as in the stud-
ies by Garcia-Lopez & Spruit (1991) and Kumar et al. (1999).
IGW are also known to be driven by plumes, as was seen in
early experiments by Townsend (1965) and more recent ones by
Ansong & Sutherland (2010). The wave spectrum generated by
plume incursions was originally analyzed by Townsend (1966)
and extended to stellar interiors by Montalbán & Schatzman
(2000). Each of these mechanisms, plumes or eddies, predict
slightly different spectra for the waves produced. However, they
all generally show wave amplitudes decreasing with increasing
frequency and decreasing scale, although there are some cutoff
scales and frequencies associated with the eddy frequency and
length scales.

In reality, of course, IGW are likely generated by Reynolds
stresses in the form of eddies and plume penetration, there-
fore, the spectrum that results is likely some combination. In
numerical simulations by Rogers & MacGregor (2011) of IGW
generated at the base of a simulated solar convection zone the
spectrum was found to be non-monotonic in scale and a decreas-
ing function of frequency approximately ∝ω−3 (depending on
length scale). It was also shown that IGW could not explain
the uniform rotation of the solar radiative interior (Rogers &
Glatzmaier 2005; Denissenkov et al. 2008), nor could they ex-
plain the Li depletion of the Sun (Rogers & Glatzmaier 2006).
The varying results between numerical simulations and analytic
models with regard to mixing and angular momentum trans-
port can certainly be traced to differences in the spectra and
wave amplitudes employed (Denissenkov et al. 2008; Talon &
Charbonnel 2005; Rogers & MacGregor 2011).

As mentioned above, IGW are known to have profound
effects in the Earth’s atmosphere and oceans. A striking example
is that of the QBO in which IGW propagate upward into
the equatorial stratosphere where they dissipate and thereby,
drive a mean flow which oscillates with a rather regular
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ABSTRACT

We demonstrate observational evidence for the occurrence of convectively driven internal gravity waves (IGWs)
in young massive O-type stars observed with high-precision CoRoT space photometry. This evidence results from
a comparison between velocity spectra based on two-dimensional hydrodynamical simulations of IGWs in a
differentially rotating massive star and the observed spectra. We also show that the velocity spectra caused by
IGWs may lead to detectable line-profile variability and explain the occurrence of macroturbulence in the observed
line profiles of OB stars. Our findings provide predictions that can readily be tested by including a sample of bright,
slowly and rapidly rotating OB-type stars in the scientific program of the K2 mission accompanied by high-
precision spectroscopy and their confrontation with multi-dimensional hydrodynamic simulations of IGWs for
various masses and ages.

Key words: asteroseismology – line: profiles – stars: massive – stars: oscillations – techniques: photometric –
waves

1. INTRODUCTION

The existence of high-order gravity-mode (g-mode) oscilla-
tions in slowly pulsating B (SPB) stars, which are core-
hydrogen-burning stars with masses roughly between 3 and 7
M: (hereafter SPBs; Waelkens 1991), was established more
than two decades ago, prior to understanding their excitation
mechanism. We now know that these oscillations are driven by
the heat mechanism associated with the opacity bump due to
iron-group elements in the stellar envelope (Dziembowski
et al. 1993; Gautschy & Saio 1993). However, the detection of
g-mode period spacings associated with those standing waves,
as predicted from theory (Tassoul 1980) and required for
asteroseismology of such stars, remained impossible from the
ground, even after carefully planned long-term dedicated
campaigns (Aerts et al. 1999; De Cat & Aerts 2002). This is
partly due to the low amplitudes of g-modes and is also made
difficult because the periods of g-modes in massive stars are of
the order of days and these timescales have strong contamination
by daily aliases in the amplitude spectra of ground-based
photometry and high-resolution spectroscopy. g-mode aster-
oseismology of SPBs only saw its birth due to the uninterrupted
high-precision space photometry assembled with the CoRoT
and Kepler missions. These data led to the detection of period
spacings caused by dipole modes of consecutive radial order and
offered the mode identification necessary for seismic modeling
(Degroote et al. 2010; Pápics et al. 2012, 2014, 2015).

While heat-driven g-mode oscillations in SPBs are strictly
periodic and have a well-known and quantifiable effect on
observed time-series photometry and spectral line-profile
variations (LPVs; e.g., De Cat & Aerts 2002; Aerts et al.
2014), the effect of waves excited stochastically by core
convection (Belkacem et al. 2010; Samadi et al. 2010; Shiode
et al. 2013) on such observations is relatively unknown. This
lack of observational diagnostics connected with internal
gravity waves (IGWs) is particularly relevant in the context
of the variability of O-type stars, in which heat-driven modes

are not excited, while their large convective cores likely drive
IGWs efficiently. This work is therefore focused on the search
for IGWs driven by core convection in photometric and
spectroscopic observations of a few carefully selected observed
O-type stars. Such signatures are important because the
existence of these waves could point to enhanced angular
momentum transport and chemical mixing, and hence guide
inclusion of these processes into future theoretical models.

2. MODELING CONVECTIVELY DRIVEN WAVES

There have been relatively few theoretical predictions for the
spectra and amplitudes of IGWs excited by core convection in
massive stars. On the one hand, Browning et al. (2004) provided
the first 3D simulations of the core convection for a M2 : star, but
these only covered the inner 30% in radius, and hence omitted
much of the wave propagation region. More recent theoretical
models do consider the entire radius of the star but are limited to
one-dimension (1D), neglect rotation, and must make assump-
tions about the nature of convection and convective-overshoot
(Samadi et al. 2010; Shiode et al. 2013). Generally, those
theoretical models assume Reynolds stresses in the convection
zone that generate waves with a predominant frequency given by
the convective turnover frequency and with frequency and
wavelength spectra dictated by the assumed properties of the
turbulence. The amplitudes of the waves are determined by the
efficiency with which energy is transferred from convection to
waves and are highly dependent on assumptions about the
convective–radiative interface. Despite these shortcomings, the
theoretical spectra of IGWs predicted by Samadi et al. (2010) and
Shiode et al. (2013) are consistent with the observed frequency
ranges of variable OB stars. However, their amplitudes vary
significantly and appear to be inconsistent with observations. For
example, the amplitudes predicted in Shiode et al. (2013) are
more than an order of magnitude lower than those predicted in
Samadi et al. (2010), and even those are too small to explain the
detection of stochastically excited gravito-inertial modes in HD
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ABSTRACT

We propose that the observed misalignment between extrasolar planets and their hot host stars can be explained by
angular momentum transport within the host star. Observations have shown that this misalignment is preferentially
around hot stars, which have convective cores and extended radiative envelopes. This situation is amenable to
substantial angular momentum transport by internal gravity waves (IGW) generated at the convective–radiative
interface. Here, we present numerical simulations of this process and show that IGW can modulate the surface
rotation of the star. With these two-dimensional simulations, we show that IGW could explain the retrograde orbits
observed in systems such as HAT-P-6 and HAT-P-7. However, extension to high-obliquity objects will await future
three-dimensional simulations. We note that these results also imply that individual massive stars should show
temporal variations in their v sin i measurements.

Key words: hydrodynamics – stars: interiors – stars: rotation – waves

1. INTRODUCTION

Jupiter-mass planets with a few day periods (hereafter hot
Jupiters) are found around 1%–2% of solar type stars. At their
present-day location (<0.05 AU), in situ formation through
core accretion (Pollack et al. 1996) is challenging because
(1) their natal disks are relatively hot (>103 K), (2) the local
Keplerian velocity is >102 km s−1 (i.e., much larger than the
surface escape speed of any known planets), and (3) the tidal
perturbation of their host stars is strong. Consequently, (1) only
a modest amount of refractory grains can avoid evaporation
in this region, (2) high-speed collisions among planetesimals
generally lead to their disruption, (3) the asymptotic mass of
protoplanetary embryos is limited, and (4) the gas accretion is
quenched.

These issues have led to a paradigm shift that hot Jupiters
may have relocated over large distances from the preferred sites
of their assemblage (Ida & Lin 2004, 2010). The physical cause
of planetary relocation remains a controversial issue. A widely
adopted “disk-migration” scenario attributes the cause of hot
Jupiters’ orbital evolution to their tidal interaction with their
natal disks (Lin et al. 1996). Their orbital decay is stalled
when they enter into a central cavity induced by the host
stars’ magnetosphere (Koenigl 1991) or when their natal disk
is severely depleted. This disk-migration scenario naturally
accounts for the origin of multiple planets which are locked
in mean motion resonances (Lee & Peale 2002).

Distant gas giants may also venture close to their host stars
if their eccentricity is near unity through dynamical excitation
by the Kozai (1962) resonance (Wu & Murray 2003; Nagasawa
& Ida 2011), planet–planet scattering (Chatterjee et al. 2008),
or secular chaos (Wu & Lithwick 2011). Tidal dissipation
within the scattered planets would circularize their orbits if their
periastron distance can reach within a few times their Roche radii
(Rasio & Ford 1996). However, mass loss during the extremely
close encounters also leads to either escape (Guillochon et al.
2011) or residual cores as short-period super-Earths (Liu et al.

2012). This dynamical scenario predicts a pile-up in the period
distribution which does not seem to match that observed with a
control sample (Howard et al. 2010).

Recent observations of the Rossiter–McLaughlin (RM) effect
(Ohta et al. 2005) indicate that the spin of many relatively
massive and hot (>6,300 K) main-sequence stars is misaligned
with their planets’ angular momentum vector (Winn et al.
2010; Schlaufman 2010). This misalignment is an expected
outcome of the dynamical scenario (Fabrycky & Tremaine
2007), although its correlation with the stellar mass requires
assumptions on the poorly know tidal dissipation mechanism
inside main-sequence stars (Winn et al. 2011; Lai 2012).

The observed spin-orbit misalignment would pose a challenge
to the disk-migration scenario for the origin of hot Jupiters
(Triaud et al. 2010; Winn et al. 2011) if the host stars retain the
angular momentum they accreted from the protostellar disks,
out of which the planets formed. Within the observational
uncertainty, this assumption is consistent with that observed
in Kepler 30 (Sanchis-Ojeda et al. 2012), but it cannot account
for the 7◦ tilt in the Sun’s spin axis with respect to the angular
momentum vector of the planetary orbits.

Stars generally form in a turbulent cloud complex where
fragments undergo chaotic encounters as they collapse to form
stars through disk accretion. The spin orientation of protostellar
disks may reorient episodically, especially during the disk
formation. Bate (2010) suggested that this process may have led
to the observed misalignment between planets’ orbital angular
momentum vector and the spin axis of their host stars as well as
differential rotation. But this possibility may depend on whether
(1) there is adequate mass in the disk to form planets, (2) there
is sufficient residual gas to reorient planets’ orbital plane during
disk depletion, and (3) there is enough coupling between the
stars and their surrounding disks to realign the spin of their
outer envelope.

In this Letter, we consider another possibility: that differential
spin may naturally arise in relatively massive and hot stars
even in the limit that they started with uniform spin. We show
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ABSTRACT
We calculate the angular momentum transport by waves and show that, sogravito-inertial-Alfve! n

long as prograde and retrograde gravity waves are excited to roughly the same amplitude, the sign of
angular momentum deposit in the radiative interior of the Sun is such as to lead to an exponential
growth of any existing small radial gradient of rotation velocity just below the convection zone. This
leads to formation of a strong thin shear layer (of thickness about 0.3% near the top of the radiativeR

_
)

zone of the Sun on a timescale of order 20 yr. When the magnitude of di†erential rotation across this
layer reaches about 0.1 kHz, the layer becomes unstable to shear instability and undergoes mixing, and
the excess angular momentum deposited in the layer is returned to the convection zone. The strong
shear in this layer generates a toroidal magnetic Ðeld which is also deposited in the convection zone
when the layer becomes unstable. This could possibly start a new magnetic activity cycle seen at the
surface.
Subject headings : Sun: interior È Sun: rotation È waves

1. INTRODUCTION

The Sun is currently losing angular momentum at its surface via a wind at a rate of the order of 1031 g cm2 s~2, which is
slowing down the surface layers. However, we know from the frequency splitting of p-modes that the radiative interior of the
Sun is rotating as a solid body at a rate that is not very di†erent from the mean surface rotation rate. Thus, the loss of angular
momentum at the surface is communicated to the rest of the Sun on a timescale of the order of the solar age or less.

The convective motions in the outer third of the Sun can very efficiently redistribute angular momentum on a short
convective timescale of about a month. However, processes responsible for the redistribution of angular momentum in the
radiative interior are less certain. One possibility is that magnetic torques can extract angular momentum from the radiative
interior. Charbonneau & MacGregor (1993) have carried out a detailed numerical analysis of this transport process.
However, there are some drawbacks to that mechanism, which are discussed in Zahn (1997).

Another possibility is that the gravity waves generated in the convection zone can extract/deposit angular momentum in
the radiative interior. The angular momentum Ñux carried by these waves is enormous and they are very efficient in
redistributing angular momentum in the radiative interior (Schatzman 1993a, 1993b ; Kumar & Quataert 1997 ; Zahn, Talon,
& Matias 1997).

Here, we explore this second mechanism in some detail. In particular, we discuss the e†ects of the Coriolis force and of
magnetic Ðelds on the dispersion relation of gravity waves and on the deposition of angular momentum in the radiative
interior on the Sun (° 2). We describe how these waves lead to the formation of a strong and thin shear layer just below the
convection zone which becomes unstable when the gradient exceeds a critical value leading to mixing of elements and angular
momentum with the convection zone (° 3). We further discuss how this shear layer could contribute to the generation of the
magnetic Ðeld and perhaps to the magnetic cycle observed in the Sun (° 4).

2. ANGULAR MOMENTUM TRANSPORT BY WAVES

We derive below a general expression for the angular momentum Ñux in waves. The dispersion relation for gravito-inertial
waves in the presence of a magnetic Ðeld is calculated in ° 2.2.

2.1. Angular Momentum Flux in Waves
Let us consider a Ñuid Lagrangian density, L, which is a function of the displacement Ðeld, n, and of its temporal and

spatial derivatives. If L is not an explicit function of the azimuthal coordinate /, the z-component of the angular momentum
is conserved (this is a particular case of the NoetherÏs theorem; cf. Quigg 1983). The Lagrangian density thus obeys the
relation

dL
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Abstract. The internal gravity waves of low frequency which
are emitted at the base of the solar convection zone are able
to extract angular momentum from the radiative interior. We
evaluate this transport with some simplifying assumptions: we
ignore the Coriolis force, approximate the spectrum of turbulent
convection by the Kolmogorov law, and couple this turbulence
to the internal waves through their pressure fluctuations, fol-
lowing Press (1981) and Garcı́a López & Spruit (1991). The
local frequency of an internal wave varies with depth in a dif-
ferentially rotating star, and it can vanish at some location, thus
leading to enhanced damping (Goldreich & Nicholson 1989). It
is this dissipation mechanism only that we take into account in
the exchange of momentum between waves and stellar rotation.
The flux of angular momentum is then an implicit function of
depth, involving the local rotation rate and an integral represent-
ing the cumulative effect of radiative dissipation. We find that
the efficiency of this transport process is rather high: it operates
on a timescale of 107 years, and is probably responsible for the
flat rotation profile which has been detected through helioseis-
mology.

Key words: Hydrodynamics – turbulence – Sun: interior: rota-
tion – stars: interiors: rotation

1. Introduction

Although it is well known that waves do carry momentum, this
process has received little attention so far in stellar physics.The
transport of angular momentum by internal waves (also called
gravity waves) has been studied in the context of tidal brak-
ing involving massive binary stars (Zahn 1975a; Goldreich &
Nicholson 1989), but only recently has it been invoked as a
mechanism which could shape the rotation profile in the Sun
(Zahn 1990; Schatzman 1993). In contrast, the importance of
the momentum transport by such waves has been recognized

Send offprint requests to: Jean-Paul Zahn

long ago in atmospheric sciences (cf. Bretherton 1969a,b): this
phenomenon is responsible in particular for the so-called clear
air turbulence.

The purpose of the present paper is to assess the efficiency
of angular momentum transport in a solar-type star, where such
waves are generated by the turbulent motions of the convection
zone. In this first approach we shall make several simplifying
assumptions, fully aware that the outcome must be considered as
a crude approximation. The results may be easily transposed to
massive stars, where these waves are emitted by the convective
core.

The reason for examining the role of such waves in the Sun
is that the other mechanisms which have been analyzed so far
seem unable to achieve the flat rotation profile revealed by he-
lioseismology (cf. Brown et al. 1989). Both rotation-induced
turbulent diffusion (Endal & Sofia 1978; Pinsonneault et al.
1989) and wind-driven meridian circulation (Zahn 1992) fail
to extract sufficient angular momentum from the radiative in-
terior (Chaboyer et al. 1995; Matias & Zahn 1996). Magnetic
torquing looks at first sight more promising, but the field lines
anchored in the differentially rotating convection zone would
probably enforce non uniform rotation below (cf. Charbonneau
& MacGregor 1993), and this is not observed.

We begin by recalling the main properties of the internal
waves (Sect. 2), and calculate the flux of angular momentum
carried by a monochromatic wave (Sect. 3). We then deduce the
energy spectrum of those waves from their coupling with the
turbulent motions at the base of the convection zone (Sect. 4) and
integrate the angular momentum flux over the whole spectrum
(Sect. 5). We finally derive an estimate for the efficiency of the
angular momentum transport by such waves in the Sun (Sect.
6) and end by some concluding remarks.

2. Properties of internal waves

The properties of internal waves propagating in stellar interi-
ors have been described by Press (1981) and by Goldreich &
Nicholson (1989). Let us recall the main results, and adapt them
to a differentially rotating star. We use the spherical coordinates

Uniform Rotation of Solar Interior
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ABSTRACT

To date, asteroseismology has provided core-to-surface differential rotation measurements in eight main-sequence
stars. These stars, ranging in mass from ∼1.5–9Me, show rotation profiles ranging from uniform to counter-
rotation. Although they have a variety of masses, these stars all have convective cores and overlying radiative
regions, conducive to angular momentum transport by internal gravity waves (IGWs). Using two-dimensional
numerical simulations, we show that angular momentum transport by IGWs can explain all of these rotation
profiles. We further predict that, should high mass, faster rotating stars be observed, the core-to-envelope
differential rotation will be positive, but less than one.

Key words: asteroseismology – stars: rotation – waves

1. INTRODUCTION

Rotation is a key property of stars that has important
consequences for their long-term evolution and eventual
demise. Rotation is particularly important in massive stars
where it contributes significantly to chemical mixing
(Zahn 1992; Talon et al. 1997) and may determine the eventual
explosion energy and nucleosynthetic yield of the star (Heger
& Langer 2000). Given its importance, it would be extremely
beneficial if constraints could be placed on stellar internal
rotation as well as on the dominant physical mechanisms
responsible for such rotation. However, theoretically determin-
ing the internal rotation of stars is plagued by complicated
hydrodynamic processes, which are difficult to simulate
numerically and, until recently, observations have provided
little constraint.

Fortunately, the observational landscape has recently
changed due to space missions like Convection, Rotation and
planetary Transits (CoRoT), and Kepler. With the continuous
duty cycle provided by these missions, observers have been
able to place constraints on the internal rotation of hundreds of
evolved stars using mixed modes (Beck et al. 2012; Mosser
et al. 2012; Deheuvels et al. 2015). The overall consensus of
these observations is that angular momentum coupling between
the contracting core and envelope is far more efficient than
previously expected. Although it is still unclear what the
physical mechanism is that causes this efficient coupling,
internal gravity waves (IGWs) are key contenders (Fuller
et al. 2014).

Core-envelope differential rotation has also been measured
in eight intermediate and massive main-sequence stars using
both p- and g-modes (Aerts et al. 2003; Pamyatnykh
et al. 2004; Briquet et al. 2007; Kurtz et al. 2015; Saio et al.
2015; Schmid et al. 2015; Triana et al. 2015). We note that the
term core here is used to mean the region just outside the
convective core and is really the inner radiative region.
Throughout this text, we will use this terminology for
consistencies sake but emphasize that “core” used here does
not refer to the convective core. This handful of observations
has shown a variety of differential rotation profiles. The
measurements of HD 157056 (Briquet et al. 2007), KIC
9244992 (Saio et al. 2015), KIC 11145123, (Kurtz et al. 2015),
and the binary system KIC10080943 (Schmid et al. 2015)

show fairly uniform rotation, although notably not exactly
uniform. On the other hand, HD29248 (Pamyatnykh
et al. 2004) and HD129929 (Aerts et al. 2003) show cores
spinning more rapidly than their envelopes. Finally, HD
10526294 (Triana et al. 2015) shows an envelope spinning
faster than the core and in the opposite direction.
It has been shown previously that IGWs generated by

convection are very efficient at transporting angular momentum
(Rogers et al. 2013). This is particularly true in stars that have
convective cores and extended overlying radiative regions. In
this configuration, IGWs generated at the convective–radiative
interface propagate outward into a region whose density is
decreasing dramatically. This causes wave amplitudes to
increase rapidly. Because of this increase in amplitude, very
small amplitude perturbations at generation can lead to large
perturbations in the envelope and, therefore, lead to efficient
angular momentum transport if the waves dissipate (Rogers
et al. 2013).
Convection generates both prograde and retrograde waves at

the convective–radiative interface. The initial symmetry break-
ing of a uniformly rotating medium caused by the dissipation of
predominantly prograde or retrograde waves at the surface is a
stochastic process, meaning the angular momentum transport
by IGWs could either speed up (if prograde waves are
dissipated) or slow down (if retrograde waves are dissipated)
the radiative region.
This initial symmetry breaking sets the stage for further

angular velocity evolution, which will depend on the dominant
dissipation mechanism. If waves dissipate through nonlinear
wave breaking, then subsequent evolution can vary in sign and
a strong mean flow may not develop. If waves dissipate
predominantly through radiative dissipation then whichever
sign flow dominates initially will grow and eventually reverse
in time (as in the Quasi-Biennial Oscillation (Baldwin
et al. 2001), though it is still unclear whether such an
oscillation would proceed in a massive star (Rogers et al.
2013)). Similarly, if a critical layer develops, then any initial
mean flow will be amplified, but on a much faster timescale
(than radiative diffusion alone). In massive stars, the density
stratification is such that waves are likely to nonlinearly break.
However, whether or not a critical layer develops will depend
on the surface wave flux, which depends on the convective
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Simulations of IGW
IGW dynamics depend strongly on the spectrum generated by convection, therefore we need 
to simulate both convection and wave propagation simultaneously.  Furthermore in massive 
star conditions some waves may break, again requiring simulation for adequate modeling.  
Simulations are required but are difficult because of vast range of length and timescales. 



Numerical Model
• We solve the full set of hydrodynamic equations in 

the anelastic approximation in 2D representing an 
equatorial slice of the star 


• Our reference state model is taken from the 
Cambridge STARS 1D stellar evolution code for a 
3Msun star: ~inner 15% convection+radiative 
envelope


• The Basic Physical Picture 

• Turbulent convection generates IGW at the 
convective-radiative interface: get spectrum of 
waves


• As waves propagate outward toward the surface, 
their amplitudes are affected by two main effects:  


• wave amplitude increases because of 
decreasing density


• wave amplitude decreases because of 
radiative dissipation 

• Some waves make it to the surface with 
sufficient amplitude to break


• Wave breaking is accompanied by angular 
momentum transport


• Angular momentum transport causes 
surface rotation to change


• Leads to enhanced mixing

• Since we have a realistic temperature 
gradient and our diffusion coefficients are 
too large: in some we force the 
convection harder - higher luminosity 
than 3Msun star  

• Our convective velocities are ~10 x larger 
than mixing-length theory would predict, 
however surface amplitude not larger

CAVEATS



Convectively driven 
waves in massive stars 
(sometimes) cause 
surface to spin 
retrograde 

Vorticity is shown: 
White-prograde flow 
Black-retrograde flow

Rogers et al 
(2013)



Convectively driven 
waves in massive stars 
(sometimes) cause 
surface to spin 
retrograde 

Vorticity is shown: 
White-prograde flow 
Black-retrograde flow

Rogers et al 
(2013)



Results:

Angular Momentum Transport by IGW  



Wave Amplification and 
Breaking at Surface

• Large scale waves generated at the 
convective-radiative interface


• Only the largest scale survive 
through the bulk of the interior 
(depending on frequency)


• At surface, smaller scales are 
generated-> indicative of wave 
breaking

Waves generated at convective-
radiative interface

Waves generated at surface 
by breaking

Wavenumber



Angular Velocity 
Evolution

• Shear layer develops first at the 
surface then migrates toward the 
source in time


• Initial development is due to wave 
breaking, followed by critical layer 
formation and absorption


• Convection zone starts to spin 
(predominantly) with the opposite 
sense as radiative envelope (to 
conserve AM)


• Rapid AV variation in short time, 
conservative extrapolation ~103-104 
rotation period


• However, it is unclear whether this 
will reverse (as in QBO) or tend 
toward a steady differential rotation

Rogers et al. 2013



Results: 

Direct Comparisons to Observations
Although standing wave modes are readily observed in stars we have very few observational 
constraints on propagating (and dissipating) waves, i.e. the ones responsible for angular 
momentum transport and mixing. This is changing with recent asteroseismic detections.



Brightness Variations in O-stars

• The most observed massive stars are B stars, which are dominated by heat driven g-
modes, difficult to pull out IGW signature.   

• O stars do not show heat driven g-modes, but show power excess at high frequencies 
• Accounting for variation in mass and conversion between observed brightness 

fluctuations and velocity, spectra match well (except at lowest frequencies) 
• We found that numerical models which were differentially rotating (core-envelope) 

matched observations better than uniformly rotating models

Simulations 
Observations

HD46150 HD46223 HD46966

Aerts & Rogers 2015



Macroturbulence
• Upper main sequence shows 

evidence of time dependent, non-
doppler line broadening and variations 
in that broadening (LPV) 

• Broadening has been referred to as 
“macroturbulence”.  Expected in low 
mass stars, but hard to reconcile with 
expected quiescent envelope of 
higher mass stars.  Could be surface 
convection zone (Cantiello), heat 
driven g-modes (Aerts) 

• The same IGW that explain spectra, 
also show LPV similar to what is 
expected in O stars

Simulated LPV (from  
observations) of  

B star

LPV caused by 
simulated IGW

Aerts & Rogers 2015



Differential Rotation in Massive Main Sequence Stars

⌦c/⌦eStar
HD 129929, B


(Aerts et al. 2003)
3.6

HD 29248, B

(Ausseloos et al. 2004)

5.0

HD 157056, B

(Briquet et al. 2007)

~1
KIC 9244992, F


(Saio et al. 2015)
0.97

KIC 11145123, A/F

(Kurtz et al. 2014)

1.03
KIC 10080943a, F


(Schmid et al. 2015)

tentative but slightly 

larger than 1

KIC 10080943b, F

(Schmid et al. 2015)

tentative but slightly 

less than 1

KIC 10526294, B

(Triana et al. 2015)

-0.3Note: these are 
all slow rotators

Using multiplets of g-modes 
which probe convective-
radiative boundary and 
multiplets of p-modes which 
probe surface conditions, 
can get a measure of core-
envelope differential rotation



Observations of core-envelope 
differential rotation in Intermediate and 
Massive Main Sequence Stars

• Simulation suite which had a single 
fiducial (3Msun) model, varying initial 
rotation rate and convective flux


• Low Flux/Low Rotation models 
give                          similar to most 
of the observations


• Low Flux/High Rotation models  
(not yet observed) have                 
but notably, not exactly 1 


• High Flux/Low Rotation models 
show retrograde surface flows 
which are larger than core (KIC 
10526294)


• High Flux/High Rotation models 
(not yet observed)  show prograde 
surface flows which are larger than 
core

Rogers 2015

⌦c/⌦e ⇡ 1� 5

⌦c/⌦e ⇡ 1



Differential Rotation in KIC 
10526294

• Used 19 g-mode multiplets, 
3.25 Msun star did full inversion 
to recover differential rotation, 
first time done in a star 
other than the Sun 

• Found that the envelope is 
spinning faster than the core 
and in the opposite direction

Triana et al. 2015

Convection  
zone

Radiative  
zone



Results: 

Chemical mixing by Waves
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3D Simulations







Future: 

More 2D simulations of different masses/ 
larger parameter space to better 
constrain spectra, surface spectra, 
angular momentum transport and mixing 
as a function of stellar mass and age 
(Rathish Ratnasingham) 

More direct comparisons to observations 
- currently trying to do more 
sophisticated line profile calculations 
(Tkachenko), pre-whiten B-stars to look 
for IGW signature and combing Kepler 
data base for more stars (Bowman) with 
multiple multiplets to measure internal 
differential rotation (Aerts group) 

3D simulations sparingly to confirm/test 
important results, understand latitudinal 
structure (Philipp Edelmann) 


